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Abstract 
In any communication system, the emphasis is on estimating the channel response so as to retrieve the transmitted input signal 
accurately at the receiver’s end. Channel Equalization at the transmitter refers to pre-distorting the input signal so that the effect 
of the channel is nullified during transmission. In this article, we study the performance of Multiple Input Multiple Output 
(MIMO) wavelet packet multicarrier modulation (WPMCM) with a low complex pre-distortive type channel equalization 
technique at the transmitter which adapts to the channel variations. WPM offers much lower side lobes in transmitted signal, 
which reduce its sensitivity to ICI and narrowband interference. Due to time overlapping, WPMCM systems don’t require cyclic 
prefix (CP) or guard interval (GI) thus enhancing the bandwidth efficiency compared to conventional OFDM systems. This 
approach works out for slow fading channels where the channel response remains almost constant for a considerable amount of 
time (coherence time).   
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I. Introduction 
In multicarrier modulation, the essential requirement on the elementary pulse shaping is the orthogonality with its 
time frequency shifted versions. However, when these signals are propagated over the wireless channel,  inter 
symbol (ISI) and inter channel (ICI) interferences occur due to the loss of orthogonality In a multipath environment 
with time dispersion, it has been proven that multicarrier transmission using OFDM modulation is very efficient [1]. 
By using a cyclic prefix symbol extension, ISI and ICI are completely cancelled which results in a reduction of the 
bandwidth efficiency. Therefore, to optimize the bandwidth efficiency, multicarrier transmission schemes without 
cyclic symbol extension are considered [2]-[3] which require good time-frequency localization [4] of the elementary 
pulse. Based on the characteristics of the wireless channel, the characteristics of the pulse shaping could reduce ICI, 
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ISI and narrowband interference (NBI). WPM offers improved spectral shaping as compared to DFT based MCM 
schemes, with comparable computational complexity [4]. 
 
WPMCM is a relatively young and promising communication concept which shares most of characteristics of an 
orthogonal multi carrier system and in addition offers the advantage of flexibility and adaptability. These properties 
can make it a suitable technology for the design and development of future wireless communication systems. 
 
Lindsey and Dill were the first to propose the wavelet packet modulation and theoretical foundation of orthogonal 
multicarrier modulation technique [5], [6]. The performances of wavelet packet transform modulation (WPM) for 
transmission over wireless channels were studied in [7] - [11].  
 
The idea of using more advanced transform than Fourier for multicarrier system was introduced more than a decade 
ago [12]. The flexibility of wavelet transform and the higher suppression of side lobes compared to the rectangular 
window in the Fourier Transform make it a promising technology for the next generation wireless communication 
systems. Due to time overlapping, WPMCM systems do not require cyclic prefix (CP) or guard interval (GI), thus 
enhancing the bandwidth efficiency compared to conventional OFDM systems. 
 
In [13], [14], the authors introduced wavelet packet based multicarrier modulation and compared with OFDM with 
narrowband interferences and multipath channel interferences. These comparisons analyzed the BER performance 
of both FFT-OFDM and DWT-OFDM merely over additive white Gaussian noise (AWGN) link and did not 
evaluate their performance over a multipath wireless channel [15]. In [16], maximum likelihood decoding for 
wavelets is discussed and in [17], a detailed discussion about decoders for multicarrier is discussed. 
 
Practical channels lead to distortions, such as Inter-Symbol Interference (ISI) and require special 
techniques to prevent the performance of the communication system from degrading [18]. Channel Equalization is 
one such extensively used technique. The aim of equalization is to ‘undo’ the effect of the channel’s non-ideal 
behavior. The ideal channel equalizer is one which is the exact inverse of the impulse response of the channel. Since 
in practice, the channel response is not known beforehand, one has to take recourse to ‘approximate’ methods of 
channel equalization. Most equalizers periodically update their parameters based on the channel conditions through 
the use of ‘training sequences’ sent by the transmitter (Adaptive Equalization) [19], [20]. This helps in estimating 
the current channel conditions. The pre-distortion type adaptive channel equalization technique is based on sending 
the ‘training sequences’ from receiver end to transmitter end so that the process of Adaptive Equalization can be 
performed at the transmitter end itself by pre-distorting the data-signal before transmitting it to the receiver.  
II. System Description 
 The proposed model is given in figure 1. The MIMO system utilizes multiple transmit (Nt) and receive (Nr) 
antennas to exploit the spatial multiplexing gain provided by inherent orthogonality severe multipath-channels. The 
transmission sequence is modulated using Quadrature Amplitude Modulation (QAM) and demultiplexed (serial-to-
parallel conversion) into Nt independent parallel streams, each of which is assigned to each transmit-antenna. Such a 
scheme results in a vertically-layered sequence of data, that is to be interpreted at the receiver. The transmission at 
the kth OFDM symbol-period is analytically represented as  
r k = H k c k + n k                                    (1) 
where c denotes the Nt × 1 transmitted vector c = [c1,c2,…,cNt]T, r denotes the Nr × 1 received vector r = 
[r1,r2,…,rNr]T, n denotes Nr × 1 additive white gaussian noise (AWGN) vector (N(0,1)) and H denotes the Nr × Nt 
channel matrix [hij]Nr × Nt, assumed to represent an i.i.d. Rayleigh quasi-static (constant during one OFDM symbol) 
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and flat-fading channel, each element of which is a circularly symmetric zero-mean unit-variance Gaussian random 
variable representing the complex gain between the respective transmit and receive antennas. 
 
III. Low-complex Adaptive Equalizer 
The prime objective in this work is to adapt a filter with impulse response (F) to the channel impulse response (H) at 
the transmitter end. By evaluating the inverse of the filter F and passing the symbols through a filter designed with 
frequency response F-1, the distortions can be equalized on the input due to channel.  
 
3.1Slow-fading ‘mirror’ Channel: 
In ‘mirror’ channels, the channel response remains the same even after swapping transmitter and receiver. In other 
words we can say, the path loss and all other distortions including multi-path distortion observed in both the 
directions (TX=>RX and RX=>TX) is the same, i.e., in Fig.1., G=H. In a slow-fading channel, the channel response 
is assumed to be constant for a given coherence time.        
              
                           Figure 1: Channel paths                                                            Figure 2: Adaptation filter ‘F’ 
 
3.2 Equalization of Channel And I/Q imbalance compensation 
An adaptation filter, ‘F’ is adapted to the channel impulse response (H) at the transmitter end.  In Fig. 2, ܺ௉ is 
transmitted pilot symbols and ‘H’ is channel response observed in frequency domain. Once ‘F’ gets adapted to ‘H’, 
inverse filter ƍܨିଵƍ is designed whose frequency response isܨିଵ. Now all the data-symbols which are transmitted 
from transmitter are passed through the filter ܨିଵ and then transmitted to the receiver end through the channel. By 
this, the pre-distortion applied on all the symbols by the filter ܨିଵ nullifies the distortion seen when the symbol 
traverse through the channel. 
 
 
                                          
 
             
                                      
 
 
 
 
 
 
Figure 3.System Model at transmitter side    
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In Fig.3, X is the data-symbol to be transmitted, H is the channel frequency response and Y is the received symbol. 
Receiver is installed with a minimum standard deviation detector. The transmission of symbols in our model is well 
explained in Figure. 4. 
 
 
 
 
Figure 4.Symbol Transmission Diagram 
   
3.3 MSD ALGORITHM:
Many algorithms are available in literature for the process of adaptation. In this paper, the most efficient MSD 
algorithm is used. Minimum Standard Deviation Algorithm (MSD) is based on adaptation done by the help of the 
error observed. In each step, the weights are adapted to a desired value for which error is minimized, in turn 
minimizing the standard deviation of the error. The step size ߤ decides the rate of convergence of the algorithm. It is 
chosen as a value between 0 and 1. For a value of ߤ  nearer to 0, the algorithm will converge slowly but accurately 
and for the value of ߤ near to 1, the algorithm converge at a faster rate but with error. Hence ߤ is taken to be an 
optimum value between 0 and 1.  
 
ݓ௞ሺ݊ሻ ൌ ݓ௞ିଵሺ݊ሻ ൅ ߤ כ ݁௞ሺ݊ሻ כ ݔሺ݊ ൅ ݇ሻ                                                      (2) 
where, ݓ௞ሺ݊ሻ is the ݊௧௛ weight or filter coefficient of the adaptive filter in ݇௧௛ iteration,ߤ is the step size, ݁௞ሺ݊ሻ is 
the error observed in ݇௧௛ iteration, x is the actual value of data. 
 
The error in received symbol is given by 
݁௞ሾ݊ሿ ൌ ݎሾ݊ ൅ ݇ሿ െ ݔሾ݊ ൅ ݇ሿ                      (3) 
The filter ‘f’ is adapted by 
௞݂ሾ݊ሿ ൌ ௞݂ିଵሾ݊ሿ ൅ ߤ כ ݁௞ሾ݊ሿ כ ݔሾ݊ ൅ ݇ሿ                                                           (4) 
The MSD estimate for every transmission 
݉ݏ݀௞ ൌ ሺ݂ െ ݄ሻିଵ כ ሺ݂ െ ݄ሻ                                (5) 
By this process of adaptation, MSD is reduced, so that ‘F’ moves towards ‘H’ in every iteration (for every pilot 
symbol received ‘F’ is adapted and updated newly). Since the considered channel is a slow fading channel, 
coherence time (Tch) is considerably large. In this transmission of 1024 bits, first N bits are selected as pilot bits and 
1. Transmission of pilot symbols at 
receiver end 
2. Reception of pilot symbols at 
transmitter end 
3. Transmission of data symbols at 
transmitter end 
4. Reception of data symbols at receiver 
side 
5. Time delay during symbol 
transmission 
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these N bits are used for adaptation. The remaining (1024-N) bits are sent as data after passing through the 
equalization filter F-1. Since the channel is assumed to be symmetric, the path loss and channel impulse response for 
TX-RX path as well as RX-TX paths are considered to be the same. Hence, initial N pilot bits are transmitted from 
receiver end to transmitter end. The equalization filter is designed using, 
 
݁ݍሺݐሻ ൌ ݂݂݅ݐሺሺ݂݂ݐሺ݂ሺݐሻሻିଵሻ                                 (6) 
 By this process, the receiver complexity is reduced to a very great extend and a low complex V-
BLAST/MMSE/MAP detection algorithm is used to decode at the receiver end with a very low BER. 
IV.  DWT based WPMCM  
A simple structure of wavelet decomposition is given in figure 4. The DWT replaces the infinitely oscillating 
sinusoidal basis functions of the FT with a set of locally oscillating basis functions called wavelets. In the classical 
setting, the wavelets are stretched and shifted versions of a fundamental, real-valued band-pass wavelet ȥ (t). When 
carefully chosen and combined with shifts of a real-valued low-pass scaling function ĳ(t), they form an orthonormal 
basis expansion for one-dimensional (1-D) real valued continuous-time signals. Any finite energy analog signal x (t) 
can be decomposed in terms of wavelets and scaling functions via   
 
ݔሺݐሻ ൌ σ ܿሺ݊ሻĳሺ െ ሻ ൅ σ σ ሺǡ ሻʹ଴Ǥହ୨ȥሺʹ୨ െ ሻ୬ୀି୨ୀ଴௡ୀି                    (7) 
The scaling co-efficient c (n) and the wavelet co-efficients are computed via the inner products. Source 
information bits are mapped on the symbols of the constellation adopted for each orthogonal carrier Wavelet 
symbol. A serial to parallel converter for each transmit antenna takes L of these symbols to form the input for 
WPMCM. Each antenna receives a different noisy superposition of fading version of the Nt transmitted 
symbols. The channel response can be estimated at the receiver using a training sequence embedded in each 
WPMCM symbol. At the receiver, the received symbols pass through WPMCM demodulator and then are 
detected by V-BLAST/LLSE/MAP processor. By this process, the receiver complexity is reduced to a very 
great extend and a low complex V-BLAST/MMSE/MAP detection algorithm is used to decode at the receiver 
end with a very low BER. 
 
Table I Simulation Parameters 
Number of data subcarriers 48 
Number of pilot subcarriers 4 
Number of total subcarriers 52 
Cyclic Prefix ‘6’-FFT, ‘0’- DFT 
FFT length 64 
Modulation methods 64- QAM 
Channel Model Rayleigh 
No. of transmitters/receivers 4 X 4 
1200   R. Deepa and K. Baskaran /  Procedia Engineering  30 ( 2012 )  1195 – 1204 
 
V. SIMULATION RESULTS 
The simulation parameters used are given in Table I. The simulation of the proposed technique for MIMO system is 
done and a graph is plotted between the number of iterations, i.e., the number of bits transmitted from the receiver to 
the transmitter and MSD as shown in figure 5. It is observed that there is a steep decrease in MSD from 0-50 
iterations after which an oscillatory behaviour is seen. Thus, we conclude that maximum of 30-50 iterations is 
sufficient for the convergence of MSD algorithm in the proposed technique. The simulation of the proposed 
technique is done with 4-QAM modulation scheme. BER vs SNR graph (Figure 6) is plotted for the proposed 
technique of channel equalization at the transmitter and a normal MIMO system with AWGN noise added to the 
transmitted signal.  It is observed that the effect of pre-distorting the input at the transmitter almost nullifies the 
distortive effect of the channel and the received signal shows similar characteristics as in the case where there is no 
channel distortion except AWGN noise added to the transmitted signal. The simulation of the proposed technique 
(fig.7) is done for 2-PAM and 4-QAM modulation schemes and their respective BER Vs SNR graphs are plotted. As 
observed in case of the existing systems, the proposed technique shows an equivalent BER vs SNR curve for the 
effect of AWGN noise in 2-PAM and 4-QAM modulation schemes. The simulation of the proposed technique is 
also verified for 2-PSK MIMO system and BER Vs SNR graph is plotted in Fig.8 along with that of an existing 
MIMO system. It is observed that pre-distortion at the transmitter provides considerable BER vs SNR improvement 
for a MIMO system(BER of 10-3 is achieved at 8dB for an ordinary MIMO system with channel equalization at the 
receiver while it is achieved at 7 dB for the MIMO system incorporated with our proposed technique).   
 
It is observed that BER of 10-3 is achieved at 10 dB for the proposed technique, whereas it is achieved at 18 dB for a 
normal MIMO-OFDM system. Thus, pre-distortion at the transmitter provides 8 dB SNR improvement for a 
MIMO-WPMCM system.  A MIMO-WPMCM system with a variable antenna configuration is considered for the 
simulation. The various detection schemes like Zero-Forcing (ZF), Maximum Likelihood detection (MLD), 
MMMSE, V-BLAST/MMSE, V-BLAST/ZF, VBLAST/MAP/ZF and VBLAST /MAP / MMSE are compared.The 
figure shows the performance comparison of detection schemes for a two transmitter and two receiver antennas (2 x 
2) system. From this, it is evident that VBLAST/MMSE/MAP (VMM) offers better Bit Error Ratio (BER) 
performance in comparison with the other detection schemes for the 2 x 2 system. The figures 5 and 6 show the 
performance of various detection algorithm schemes for increased and (4 x 4 and 8 x 8). It can be seen that the 
performance of VBLAST/MMSE/MAP is almost close to MLD. Comparing the detection algorithms, it is observed 
that the MBER performance for V-BLAST/MAP/MMSE (VMM) scheme is better than the other detection schemes 
for the above transmitter – receiver configurations. This combination also improves the error rate performance of the 
system. Though complexity of the V-BLAST/MMSE/MAP becomes slightly higher than that of V-BLAST, VMM 
performance is proved to be superior to the other detection schemes. The simulation of an OFDM and WPMCM 
(Haar (db1) Wavelet) system is done for 1024 bits and their respective BER vs SNR curves are plotted and 
compared in Figure 7. It is observed that BER of 10-3 is achieved at around 8 dB for WPMCM system, whereas it is 
achieved at 18 dB for an OFDM system. Thus, WPMCM system has more than twice SNR improvement.  The same 
set-up was performed under different channel conditions:  Rayleigh and Rician (various k-factors) fading channels 
and their respective BER vs SNR curves are plotted and compared.   
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Figure 5.Convergence of MSD algorithm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                        
                            
 
 
 
 
Figure 6. BER using 4-QAM 
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                                                         Figure 7.BER (2-PAM, 4-QAM) for proposed technique
V. CONCLUSION 
WPMCM is a relatively young and promising communication concept which shares most of characteristics of an 
orthogonal multi carrier system and in addition offers the advantage of flexibility and adaptability. These properties 
can make it a suitable technology for the design and development of future wireless communication systems. Pre-
distorting the data symbols at the transmitter end using an adaptive equalization filter is an effective technique 
proposed for communication systems. This model ensures considerable reduction in receiver complexity. The 
MATLAB simulation results show considerable improvement in BER performance for a MIMO-OFDM system 
(BER of 10-3 is achieved at a SNR value of 10 dB). The receiver detects the incoming symbols with basic minimum 
distance algorithm, as the channel equalization is carried out at transmitter end itself thereby reducing the receiver 
complexity. This technique is well suited for multi-receiver communication system in a slow-fading, ‘mirror’ 
channel environment. 
 
The pre-distortion type adaptive channel equalization technique considered only Rayleigh fading channel and used 
MSD algorithm for adaptation. The performance of this technique can be evaluated for different channel models and 
for different convergence algorithms used for adaptations. Adopting a better converging algorithm for adaptation 
reduces the number of pilot bits per coherence time, which gives a considerable increase in data-rate. The technique 
when extended to MIMO and MIMO-OFDM systems considered only spatial multiplexing. The performance of this 
technique in MIMO and MIMO-OFDM systems can be evaluated for spatial-diversity, time-diversity as well. Most 
channels are ‘mirror’ type, whereas some channels are not. Finding the correlation between the channel path and its 
inverse path will make the model to mature to be suited for any slow fading environment. The simulation results in 
WPMCM were carried out only for Haar wavelets which can be extended to other flexible wavelets (db-4, db-8 etc). 
The effects of radio front end impairments like carrier frequency offset and phase noise on a WPMCM system can 
also be extensively studied. 
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